This paper explores quasi-static flexural properties and fracture behavior of a pultruded glass fiber/unsaturated polyester square pipe for automotive structural applications. Three-point flexural testing is performed in an Instron Universal Testing Machine with steel jigs supporting the top and bottom surfaces of the pipe. Acoustic emission (AE) measurements are recorded during flexural testing to evaluate initial fracture in the pipe structure. After final fracture, five cross-sections of the pipe are cut at 50-mm intervals along the longitudinal axis, with the first cut located at the mid-span of the pipe. Cross-sections of a pipe from an interrupted test where initial fracture is detected from the AE method are also prepared. Damage locations and behavior on each cross-section are observed. The flexural testing results show that the cumulative AE counts increase rapidly from 2.5 kN, that final failure occurs at a maximum load of approximately 13 kN, and that corresponding initial and final failure occurs in the two corner regions on the compressive side of flexural loading. Failure initiates by stress concentrations due to the upper jig on the top surface during bending. The cross-sectional observations also reveal clear deformation behavior of the pipe where failure is present, marked by inward bending of the top surface and upper corners located on the compressive side, near the jig. The locations of maximum stresses and deformations obtained from finite element analysis of this pipe structure are in very good agreement with the experimental observations.
Introduction
Reducing CO 2 emissions from automobiles is an important issue as a measure against global warming. The latest reports show that approximately 76 million cars are expected to be produced in the world annually by 2020, corresponding to 208,000 cars every single day of the year [1] . Clearly, weight reduction and improved fuel efficiency in service of automobile parts using lightweight materials with high mechanical properties are an important requirement. It is estimated that 75 percent of fuel consumption directly relates to vehicle weight, and a 6 -8 percent increase in fuel consumption can be realized for every 10 percent reduction in weight [2] [3] [4] . Materials such as fiber-reinforced plastics are excellent candidates as they consist of relatively high-strength and stiffness fibers such as glass, carbon, or aramid, that are impregnated in a polymer matrix resin, and their use in the automotive industry is projected to grow in years ahead [3] [5] [6] [7] [8] . Fiber-reinforced composites are lightweight, stiff, and strong materials with properties that can be tailored for optimal load paths. They are also unique in that complex shapes that are impossible with metals can be produced [4] [9] [10] . For automotive applications, carbon and glass reinforcements are popular choices for structural components.
A manufacturing process such as pultrusion is very well suited to produce long structural components with a constant cross-section [11] [12] [13] . In pultrusion of thermoset composites, dry fibers are impregnated with a liquid polymer of low viscosity, and are then pulled through a heated die to cross-link the matrix and form the part [14] . This is a well known and established continuous manufacturing process. Moreover, reinforcing fibers in the form rovings, continuous filament mats, woven fabrics, or braided preforms can be used through the thickness of pultruded parts [11] . The pultrusion process for manufacturing automotive composites offers considerable advantages from an environmental perspective as well. Song et al. [15] performed a life cycle analysis to estimate the energy requirements for producing pultruded composite structures for the automotive industry. Their findings have shown that pultruded composite parts can save energy compared to using steel for automotive structural parts [15] .
When testing the mechanical properties of a structure, additional information on fracture development within a material can be obtained real-time by acoustic emission (AE) testing. AE testing is a non-destructive technique that allows for real-time monitoring of fractures occurring in a material. AE is an elastic wave that is emitted when local deformations or crack propagation occurs in a material [16] [17] [18] . Important measurement parameters in AE testing are the signal amplitude, cumulative counts, and the AE energy [16] . The AE amplitude is the peak voltage of a signal waveform from an emission event. It is an important Open Journal of Composite Materials parameter for detectability, related to the magnitude of a source event [19] . The number of counts refers to the total number of oscillations of AE waves that exceed a specified threshold value. The AE energy is the total elastic transient energy released by an emission event. It is sensitive to amplitude and duration of the signal, as well as being dependent on operating frequencies and signal threshold. It is used more frequently to report magnitudes of source events over counts [19] [20] .
A large number of studies on the mechanical properties of pultruded composite structures have been performed in the literature; however the relationship between the initial fracture stress and the fatigue limit must be clarified. As part of a study to better understand this relationship, an experimental investigation is performed on a pultruded square pipe with a laminated structure at a structural level. Another study in parallel to this one aims to predict the fatigue limit of this material based on the initial fracture stress obtained in static mechanical testing, using test specimens that are cut from the pipe structure in this study. The results in both studies will contribute to a better understanding of how the fatigue limit can be predicted from the initial fracture stress. For the structural automotive application of this pipe structure, these properties must be well understood in order to effectively determine a suitable safety factor. With weight constraints that must be met, this safety factor should be minimized as required.
The objectives of this research are to evaluate the quasi-static flexural properties and fracture behavior of a pultruded glass fiber/unsaturated polyester square pipe for automotive structural applications. AE testing is performed during flexural tests to gain additional information on fracture development within the structure. Particular attention is drawn to the initial fracture. Microscale fracture such as interfacial debonding, filament fracture, and so on is closely related to the initial fracture stress which marks the beginning of the non-linear stress strain relation. However, detecting the initial fracture stress from the stress-strain curve is difficult. In this paper, the AE method is introduced and cross-sectional observation is performed. Throughout discussion of the initial fracture stress and fracture aspects, further structural designs are proposed.
Experimental Procedures

Materials
The pipes in this project are made from glass fiber-reinforced unsaturated polyester with a total length of 1400 mm, wall thickness of 2.4 mm. Details on the square pipe geometry with dimensions are presented in Figure 1 . The outside corner radius is 5 mm, and because there is no inside corner radius, the length of the straight section at the inside corner is defined as 3 mm. As shown in the figure, the pipe walls are made of a laminated structure with the following 5 layers: a combination of a chopped strand mat and screen type mat on the two outside layers, followed by a screen type mat on the second layers, and unidirectional (UD) fibers oriented along the longitudinal axis of the pipe (0˚ direction) in the Open Journal of Composite Materials 
Mechanical Characterization
Quasi-static three-point bending tests were performed on the pipes in an Instron Universal Testing Machine type 55R4206 at room temperature with a 10-ton load cell. The cross-head speed of the test was set to 20 mm/min. The square pipe was positioned within three U-shaped steel jigs where loads were applied, and the span length for testing was set to 800 mm. Details on the jig dimensions and mounting positions on the pipe for flexural testing are presented in Figure  2 . This U-shaped steel jig was developed to avoid compressive and buckling fracture just below the normal loading jig. At the mid-span of the pipe on the underside, corresponding to the tensile surface during flexural loading, an AE sensor (Nippon Physical Acoustics, Inc., micro-30) was positioned for recording data on crack propagation during testing. Load-displacement data and amplitudes generated from crack formation were measured. The threshold value for AE amplitude measurements was set to 55 dB to eliminate extraneous noise.
When bending loads are applied on the structure, localized sources of crack initiation and propagation within the material will trigger the release of energy, Open Journal of Composite Materials in the form of elastic waves. These elastic waves will travel to the surface and will be detected by the AE sensor [21] . The AE sensor is composed of piezoelectric elements and is able to detect types and sources of failure in real time. In this case, acoustic emissions will be detected to determine the onset of damage initiation within the pipe structure during quasi-static flexural testing.
Damage Characterization
After Cross-sections of a pipe from an interrupted flexural test were also prepared for assessing the initial fracture condition, based on the results of the AE measurements performed. Figure 3 shows that the recorded maximum amplitude values increase with increasing load, up to a value of 90 dB first reached at 6 mm of displacement, with a larger number of amplitude events being more concentrated in the range of 55 -70 dB throughout testing. Figure 4 shows a clear trend in increasing acoustic energy values with increasing displacement as well. From Figure 5 , it is very clear that the cumulative AE counts number rapidly increases from approximately 2.5 kN. This corresponding load value will be used as the load limit of the interrupted test for observations of initial fracture in the following section.
Results and Discussion
Flexural Loading and Acoustic Emission Measurements
Microscopy Observations
A sketch showing the locations where cross-section cuts were made for observation of the pipe after final fracture is presented in Figure 6 . The results show that maximum deformation occurs at the corners in contact with the jig. It can also be seen that the deformation of the pipe extends longitudinally along the two upper corners. These results are in good agreement with the observed deformations in cross-section 2 (Figure 9 ), and with the fracture observations of Figure 7 and Figure 10 , showing failure in the corner regions. When evaluating the flexural properties of the square pipe, variations in experimental design, materials design, structural design, and processing design should be considered. It is very clear from the obtained results that experimental design plays a critical role in the stress and deformations applied on the square pipe. The current jig consists of square edges, and alternate designs should be considered when performing bending tests in the future. The jig design should minimize local deformations in the structure. Another option would be to insert a metal plate that has the same shape and size as the inside cross-section of the pipe, so that it closely fits inside the pipe and prevents the walls of the pipe from Open Journal of Composite Materials bending inwards during testing. The reinforcing plate should be placed where deformations are greatest near the mid-span of the pipe.
In terms of materials design, variations in the laminated structure layer compositions can always be considered to optimize properties. Structural design would involve changes in pipe geometry, including wall thickness, and corner inner and outer radii. For example, one option would be increasing the thickness of the straight wall sections of the pipe to increase rigidity, and to reduce corner thickness with the aim to minimize stress build-up in these regions. However, it should be noted that variations in structural and materials design are directly related to processing design. In this case, the limitations of manufacturing composite square pipes by the pultrusion method should be considered. For example, certain geometries in pipe cross-section geometries may not be possible with the current manufacturing processes.
Conclusions
Quasi-static three-point bending was performed on a pultruded square pipe made of glass fiber-reinforced polyester for an automotive structural application.
The AE method was applied during testing to evaluate initial fracture, and cross-section observations were performed after testing to investigate fracture locations and deformation behavior. The experimental findings were compared with a finite element simulation. This study showed that:  Fracture occurs within the two corner regions of the pipe on the upper (compressive side of flexural loading), and is characterized by the presence of transverse cracks within the UD layer of the laminated structure as well as interlaminar cracks in between the UD layer and adjacent screen type mat layers.  Cross-sections 1, 2, and 3 of the pipe after final fracture located at mid-span, 50 mm, and 100 mm from mid-span, respectively, contained fractures in the corner regions. The most significant fractures were observed in Section 2, located at the edge of the steel jig on the top surface of the pipe. Maximum deformations of the pipe marked by downward bending of the top surface and inward bending of the upper corners are also observed at this cross-section.
Initial fracture is also observed in the same corner regions from a pipe after interrupted testing, based on the AE results. Fracture clearly starts in the corners and propagates until final fracture.  Finite element simulation results show that maximum deformations during testing occur at the upper corners of the pipe, at the edges of the upper jig.
The deformations also extend along the longitudinal axis of the pipe at the corners. These results are in very good agreement with the observed fracture locations and deformations of the cross-section cuts.
